In each of 4 experiments animals were given a structural discrimination task that involved visual patterns composed of identical features, but the spatial relations among the features were different for reinforced and nonreinforced trials. In Experiment 1 the stimuli were pairs of colored circles, and pigeons were required to discriminate between patterns that were the mirror image of each other. A related task was given to rats in Experiment 2. Subjects solved these discriminations. For Experiment 3, some pigeons were given a discrimination similar to that used in Experiment 1, which they solved, whereas others received a comparable task but with 3 colored circles present on every trial, which they failed to solve. The findings from Experiment 3 were replicated in Experiment 4 using different patterns. The results are difficult to explain by certain connectionist theories of discrimination learning, unless they are modified to take account of the way in which compound stimuli are structured.
Animals can solve discriminations of varying complexity. The simplest discrimination is one in which different stimuli signal the presence and absence of reward, A+ B-. A rather more complex task is a feature negative discrimination, in which one stimulus is presented on both types of trial, and a second stimulus indicates those trials on which reward will not be delivered, A+ AB-. This type of discrimination can be made even more taxing by ensuring that no individual stimulus is followed by a consistent outcome. For instance, in a negative patterning discrimination reward is presented whenever either of two stimuli occur alone, but not when they occur together, A+ B+ AB-, and in a biconditional discrimination two stimuli are presented on every trial, but each stimulus is presented on both reinforced and nonreinforced trials, AB+ CD+ AC-BD-. Despite their varying complexity, these discriminations share the common property that the set of features presented on one type of trial is never entirely the same as the set presented on another type of trial. Thus, in the biconditional discrimination the reinforced compound AB contains two features that can be found in nonreinforced compounds, AC-and BD-, but there is no occasion when A and B are presented together on a nonreinforced trial. It is, however, possible to conceive of a discrimination in which the same features are present on both reinforced and nonreinforced David N. George, Jasper Ward-Robinson, and John M. Pearce, School of Psychology, Cardiff University, Cardiff, Wales, United Kingdom.
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Correspondence concerning this article should be addressed to David N. George or John M. Pearce, School of Psychology, Cardiff University, Cardiff, Wales CF1 3YG, United Kingdom. Electronic mail may be sent to georged@cardiff.ac.uk or to pearcejm@cardiff.ac.uk. trials. For this discrimination to be solvable the features must be arranged, or structured in different ways. Because the stimuli differ solely on the basis of how they are structured we refer to this type of task as a structural discrimination. A simple example of such a discrimination was provided by Wodinsky, Varley, and Bitterman (1954) , who trained rats in a four-window jumping stand in which horizontal or vertical lines were displayed in the two central windows. When horizontal lines were to the left of vertical lines then jumping to the far right window was rewarded, but when vertical was to the left of horizontal then jumping to the far left window was rewarded. In this task, therefore, the same horizontal and vertical features were present on both types of trial, and it was the way in which they were arranged that determined how the animal should respond. Although the rats were able to solve the discrimination, this finding does not necessarily mean they were responding on the basis of the relation between the vertical and horizontal lines. Rats may simply have learned to jump to the window that was adjacent to the vertical lines.
There is, in fact, rather little convincing evidence to suggest that animals are capable of solving structural discriminations on the basis of the relations among the features of the training stimuli. Wolfle (1938a, 1938b) have described some experimental designs for assessing the ability of animals to discriminate between patterns on the basis of the way in which they are structured, but they did not report the results from any studies based on their designs. More recently, Kirkpatrick-Steger, Wasserman, and Biederman (1998; see also Wasserman, KirkpatrickSteger, Van Hamme, & Biederman, 1993 ) trained pigeons to make four different responses to line drawings of a watering can, a table lamp, an kon, and a toy yacht. For the test phase, subjects were presented with scrambled versions of the original drawings, and the discrimination among the four objects was impaired considerably. Thus, even though the test patterns contained the same set of features as the training patterns, the fact that the discrimination deteriorated with the scrambled figures implies that the pigeons had learned about the way in which the features were originally structured. It might be argued, however, that during the initial training subjects attended to the feature that was in the same position in each drawing-say, the top. The discrimination could then be solved by associating the different features at the top of each drawing with the different responses. Quite clearly, the effectiveness of this strategy would be impaired when the features were scrambled for the test trials and the critical features were no longer in their usual positions. Pavlov (1927) described a serial conditioning experiment in which the sequence A-B was followed by an unconditioned stimulus, whereas the sequence B-A was not. Here again, the same features were presented on both types of trial, and it is the structure of the overall pattern that indicated the trial outcome. Although the discrimination was solved, there are grounds for questioning whether the solution depended on a sensitivity to the order in which the stimuli were presented. If animals were to pay attention to either only the first or only the second element of the sequence, then they would have been able to solve the problem. Weisman, Wasserman, Dodd, and Ljarew (1980) described an experiment, similar to that conducted by Pavlov (1927) , that provides more convincing evidence that animals are sensitive to the order of stimuli. Pigeons received sequences of two colored lights followed by the illumination of a white response key. If the sequence green followed by red was presented, then pecking the white key resulted in the delivery of food, but food was never presented after the sequences of red-red, green-green, or red-green. Eventually, pecking at the white key was substantially faster on reinforced trials than on nonreinforced trials. In this problem the two features red and green were presented together for both reinforced and nonreinforced trials, and it was their order that determined the outcome. It was not possible to solve this discrimination by attending to either the first or last element of the sequence, because of the additional nonreinforced trials; instead, pigeons had to appreciate the order in which the stimuli were presented.
It has been accepted for many years that structural discriminations are difficult to explain by theories that assume that responding is controlled by individual features of the training stimuli (Gulliksen & Wolfle, 1938a , 1938b Spence, 1952 Spence, , 1960 . As an alternative, the foregoing authors point out that the solution to this type of discrimination is much easier to explain if one accepts that responding is controlled by the entire pattern of stimulation. This approach, however, is not immediately available to a number of different connectionist theories of learning that have recently been put forward to account for the way in which discriminations are solved (Gluck & Bower, 1988; Kehoe, 1988; Maki & Abunawass, 1991; Pearce, 1994; Schmajuk, Lamoureux, & Holland, 1998) . According to these theories, any pattern of stimulation that is presented on a trial will be broken down into its features, and these features will then have the opportunity for entering into an association, either directly or indirectly, with the outcome of the trial. By breaking a pattern into its features, information about the relations among the features will be lost. If the solution to the discrimination should depend on this information, then in terms of the theory it will not be possible to solve the discrimination.
Consider first the network proposed by Gluck and Bower (1988) , which is based on the Rescorla-Wagner model . Figure 1A shows a network with two input units, which will be activated by two stimuli, A and B, and an output unit that will be activated by an unconditioned stimulus (ignore the unit labeled AB for the present). The strength of the connections between A and B and, hence, their capacity to activate the output unit, is determined by the rule. This basic network is able to solve simple discriminations, such as A+ AB-, but it would not be able to solve a negative patterning discrimination, A+ B + AB-. To overcome this shortcoming, Gluck (1991) adapted an idea put forward by Wagner and Rescorla (1972) and proposed that combinations of stimuli create unique conjunctive, or configural cues that activate their own input units. The unit labeled AB is one such unit that will be activated whenever A and B are presented together but not when they are presented separately. By allowing input units to be excited by cues created by combinations of stimuli this type of network can solve such problems as negative patterning and a biconditional discrimination. Now consider what Figure 1 . The connections predicted to develop by the connectionist theories of Giuck and Bower (1988; Panel A) and Pearce (1994; Panel B) when a pattern composed of two features, A and B, is used for conditioning. US = unconditioned stimulus.
will happen if an animal must solve a discrimination based on two stimuli, A and B, with A to the left of B on reinforced trials and B to the left of A on nonreinforced trials. The three input units shown in Figure 1 will be activated on both types of trial, and it will not be possible for the network to solve the discrimination. If it is to solve the discrimination, the network must be sensitive to the fact that on some trials A is to the left o/B, and on other trials A is to the right ofB. In its original form, however, the network does not respond to information about how the training patterns are structured.
In keeping with Wolfle (1938a, 1938b) , Pearce (1987) proposed a configural theory of conditioning that assumes that on any conditioning trial a representation of the entire pattern of stimulation enters into an association with the outcome. Although this proposal in principle should allow animals to solve the discrimination just mentioned, a connectionist version of configural theory proposed by Pearce (1994) in fact encounters the same problem that confronted the network of Gluck and Bower (1988) . To clarify this point, in Figure IB a simple version of the configural connectionist network proposed by Pearce (1994) is shown. Whenever a new pattern of stimulation is presented, its features will activate a set of input units that will be connected to a configural unit. The configural unit may then become connected to an output unit and enable the pattern to elicit a response should it be presented again. Connections between the input units and the configural unit are assumed to develop rapidly within a trial, whereas connections between the configural unit and the output unit are assumed to develop gradually according to a rule similar to that proposed by Rescorla and Wagner (1972) . If the network should be exposed to two patterns comprising A to the left of B, and A to the right of B, then both patterns will activate the input units for A and B. The two patterns will thus activate the same configural unit, and a discrimination between them will not be possible.
Of course, there are ways in which the foregoing connectionist networks could be modified to enable them to discriminate between two different spatial arrangements of two stimuli. It would, however, be premature to undertake these modifications until it has been shown convincingly that animals are capable of solving structural discriminations on the basis of the relations among the features that comprise the signals for reward and nonreward. We argued earlier that there is some evidence to suggest this type of discrimination can be solved when the stimuli are presented sequentially, but when the stimuli are presented simultaneously the evidence is less convincing. Accordingly, the overall purpose of the following four experiments was to determine if animals can solve a discrimination between two patterns composed of the same set of simultaneously presented features but for which the relations among the features are different. The theoretical implications of our findings will then be considered in detail in the General Discussion.
Experiment 1
To present pigeons with a structural discrimination, they were shown two adjacent circles on a television screen behind a response key. For some trials the circle on the left was red and the one on the right was green, R-G, and for other trials the opposite relation was used, G-R. Autoshaping was used, with food presented after R-G but not after G-R. One method for solving this discrimination is to appreciate that food will be presented when red is to the left of green but not when green is to the left of red; that is, the structure of the two patterns could be used to indicate whether a reward will be delivered, but there are other ways in which the discrimination could be solved. The birds might focus their attention on one circle-the one on the left, say-and use its color to indicate whether food will be delivered. To prevent this strategy from being successful, the experiment included one further color, blue (B), and four additional patterns. The six patterns that were used in the experiment are listed in the left panel of Table 1 . Patterns R-G, G-B, and B-R signaled food, whereas the mirror images of these patterns-G-R, B-G, and R-B-signaled the absence of food. Because the color of the left-hand circle is red, or green, or blue on different reinforced trials, and because this circle is also filled by these colors on different nonreinforced trials, it follows that the discrimination cannot be solved by concentrating on the color of one circle or the other. Instead, the solution of the discrimination will depend on an appreciation of the structure of each training pattern.
Method
Subjects. The subjects were 8 adult homing pigeons (Columba livia) that had previously been involved in a summation experiment involving colored triangles (see Pearce, George, Redhead, Aydin, & Wynne, 1999 , for details). They were housed in pairs and had free access to grit and water. Throughout the experiment they were maintained at 80% of their free-feeding weights by being fed a restricted amount of food following each experimental session. The pigeons were maintained in a lightproof room in which the lights were on for 14.5 hr each day. They were tested on successive days, at the same time, during periods when the lights were on in their holding room. During the course of training 1 bird stopped responding. All data from this animal have been excluded from the analyses reported.
Apparatus. The experimental apparatus consisted of eight pigeon test chambers (30 cm X 33 cm X 35 cm). Each contained a three-key pigeon panel (Camden Instruments Ltd., Loughborough, England), the center key of which was replaced by a 4.5 cm X 5.0 cm clear Perspex panel that was hinged at the top. Pecks on the panel were detected by a reed relay that was operated whenever a magnet attached to its lower edge was displaced by a distance greater than 0.7 mm. The midpoint of the panel was 24 cm above the floor of the chamber. A Panasonic microcolor television with a 5.5 cm x 4.4 cm screen was located 4.0 cm behind the Perspex panel. Food was delivered by operating a grain feeder (Campden Instruments Ltd., Loughborough, England), which was located directly below the Perspex 
Note. For half the rats in Experiment 2 the assignment of reinforcement to the patterns was opposite to that shown. S+ = reinforced patterns; S-= nonreinforced patterns; R = red; G = green; Bk = black; W = white; B = blue; H = horizontal black and white stripes.
panel. The opening to the feeder measured 5 cm X 6 cm, and the midpoint of the opening was 9 cm above the chamber floor. The feeder was illuminated whenever grain was made available. The chambers were permanently lit during all experimental sessions by a 2.8-W bulb, operated at 24 V, located 2.5 cm above the top of the Perspex panel. Archimedes computers (Acorn Computers Ltd., Cambridge, England) that were programmed in Arachnid (Paul Fray Ltd., Cambridge, England), were used for the control of events, the recording of responses, and the generation of stimuli on the television screens.
Stimuli. The stimuli were colored circles measuring 1.5 cm in diameter. The circles could be colored red, blue, or green. On each trial the two circles were presented side by side in the middle of the television screen, with their centers 2.0 cm apart. Whenever a pattern is referred to by two letters, the position of the letter identifies the position of the stimulus in the pattern. Thus, R-G indicates that the red circle was to the left of the green circle.
Procedure. Because the animals had previously taken part in an autoshaping experiment, no pretraining was required. On each of the 24 sessions of the experiment, each of the six training patterns listed in the left half of Table 1 was presented eight times. Presentations of patterns R-G, G-B, and B-R were followed by food, whereas the reflections of these patterns (G-R, B-G, and R-B) were followed by nothing. All stimuli were presented for 10 s, and the mean intertrial interval (ITI) was 55 s (range: 25-85 s). Where appropriate, food was made available by 4-s access to the grain hopper. The patterns were presented in a random sequence with the constraints that the same pattern was not presented more than twice in succession and that no more than three reinforced or nonreinforced trials were presented in succession.
Results and Discussion
All statistical tests were evaluated with respect to an alpha level of .05. Figure 2 shows in two-session blocks the group mean rates of responding that were recorded in the presence of each training pattern throughout the experiment. Animals eventually responded more rapidly on the reinforced trials than on the nonreinforced trials. A three-way analysis of variance (ANOVA) using individual 
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Figure 2. The mean rates of responding recorded during the reinforced and nonreinforced trials of the three pairs of structural discriminations that were given to a group of pigeons in Experiment 1. Plus symbols represent reinforced trials; minus signs represent nonreinforced trials; R = red; G = green; B = blue. mean rates of responding for each trial type (reinforced and nonreinforced) for each block of two sessions and for each of the three component discriminations revealed a significant effect of session block, F(ll, 66) = 2.3; but not of trial type, F(l, 6) = 3.4; or of discrimination (F < 1). The interactions between trial type and discrimination, F(2, 12) = 1.2, and between discrimination and session block, F(22, 132) = 1.3, were not significant. There was, however, a significant Trial Type X Session Block interaction, F(ll, 66) = 5.1, as well as a significant three-way interaction, F(22, 132) = 1.8.
Subsequent simple main effects analyses confirmed that responding was more rapid on the reinforced trials than on the nonreinforced trials by revealing a significant effect of trial type on Sessions 9-12 for all components of the discrimination, Fs(l, 216) > 5.4. There were, in addition, effects of discrimination on Session Block 9 for reinforced trials, F(2, 288) = 3.5, and on Session Block 10 for nonreinforced trials, F(2, 288) = 7.5. These isolated differences were unexpected and are probably of little theoretical significance because on the majority of session blocks subjects treated the three reinforced patterns, or the three nonreinforced patterns, in the same way. Thus, for example, on the final session block there were no differences among the rates of responding to the three reinforced patterns, F(2, 288) = 2.2, or to the three nonreinforced patterns (F < 1).
The results show that pigeons can solve a structural discrimination on the basis of the spatial relation between the features that make up the signals for reward and noreward. We conducted the next experiment to determine whether a different species, the rat, also possesses this ability.
Experiment 2
In a pilot experiment, rats were trained with a structural discrimination with the six patterns listed in the right side of Table 1 . Each pattern was composed of two adjacent rectangles that could be either black (Bk), white (W), or that contained horizontal (H) black and white stripes. In contrast to the previous study, however, pairs of patterns were presented together for a simultaneous discrimination. Thus, for each trial, rats were shown a pair of patterns from one of the three rows in the right panel of Table 1 and required to choose the pattern that signaled reward. The apparatus consisted of a modified version of a water-escape task developed by Alvarado and Rudy (1992) . After being released into a tank of water, rats could approach one of the two patterns that were attached to the rear wall of two goal areas. Escape from the tank depended on rats finding a submerged platform that was located immediately in front of the correct pattern. After 15 sessions of training there was no indication of any rat solving the discrimination. Accordingly, in the present experiment we used a design similar to that of the pilot study, except that the three components of the structural discrimination were introduced one at a time. Thus, rats were trained first with the patterns shown in the top row of Table 1 , then with patterns shown in the top two rows and, finally, with patterns in all three rows.
Method
Subjects. The subjects were 6 male hooded Lister rats that were supplied by Joint Services of Cardiff University. They had previously partic-ipated in an appetitive, Pavlovian conditioning experiment for which they had been reduced to 80% of their free-feeding weights. They were allowed unrestricted access to food and water for 2 weeks prior to the start of the experiment and for the experiment itself. The rats were housed in pairs in a room that was illuminated for 14.5 hr each day. The rats were tested for 5 days a week, at the same time each day, when the lights were on in their holding room.
Apparatus. The apparatus consisted of a gray fiberglass tank that was 100 cm long, 62 cm wide, and 62 cm deep. The tank was filled to a depth of 32 cm with water that was maintained at a temperature of 25 °C (± 1 °C) and that was made opaque by the addition of 2 liters of milk. The water in the tank was changed daily. A gray Perspex partition 62 cm high and 46 cm long was attached vertically, and at a right angle, to the midpoint of one end wall to create two goal areas. An escape platform, the top of which was 2 cm below the surface of the water, could be attached to the rear wall of each goal area with its center aligned with the center of the rear wall. The platform, which was made from clear Perspex that was 0.4 cm thick, was 11 cm long and 9 cm wide, and its front was curved with a radius of 4.5 cm. There were forty-five 0.4-cm diameter holes drilled in the platform that were separated from each other by a minimum distance of 0.5 cm. The purpose of these holes was to help rats climb onto the platform. The tank was placed on a table, 70 cm above the floor. The room containing the tank was 3 m X 3 m with white walls and ceiling, one door, and no windows.
Stimuli. The three stimuli used for the structural discrimination were a black rectangle, a white rectangle, and a rectangle containing horizontal black and white stripes with a width of 2.5 cm. The rectangles were 28 cm high and 14 cm wide. For each training pattern two stimuli were printed side by side on square sheets of paper that were mounted in clear plastic laminate. The laminated sheets were then suspended 1 cm above the surface of the water on the end wall of the goal box with the center of the sheet aligned with the center of the goal box.
Procedure. Rats were carried to the test room in pairs in their home cages. While one rat was being trained, its partner remained in the home cage. Rats received one session of pretraining in the absence of the experimental stimuli. First, a rat was placed on the platform in a goal area for 20 s. This treatment was continued until six trials had been completed, using the goal areas in an alternating sequence. Second, rats were placed in the water in front of a platform and allowed to climb onto the platform, where they remained for 20 s. This treatment was continued for six trials, using the goal areas in an alternating sequence. Third, rats were placed at the entrance to a goal area and allowed to swim to the platform, where they remained for 20 s. This training continued for six trials, using the entrance to each goal area in an alternating sequence. Finally rats were gently lowered into the tank at the middle of the end wall that was opposite the goal areas. This point was used as the release point for all future trials, and rats were always placed into the tank with their backs toward the goal areas. There was a platform in both goal areas for this stage. Once the rat had climbed onto a platform, it remained there for 20 s. This training continued for six trials. Throughout the pre-exposure session the interval between successive trials was 30 s.
Stage 1 consisted of seven sessions of training with a black-white structural discrimination. On each trial a pattern composed of a black rectangle to the left of a white rectangle, Bk-W, was attached to the rear wall of one goal area, and a pattern composed of a white rectangle to the left of a black rectangle, W-Bk, was attached to the rear of the other goal area. For 3 rats the platform was always beneath the first of these patterns, and for the remainder it was always beneath the other pattern. There were 20 trials in the first session and 30 in all subsequent sessions, and within a session the patterns were presented an equal number of times in each goal area. The sequence of trials was random, with the constraint that a maximum of 3 trials in succession took place with the same pattern in the same goal area. The rat was released from the start point and allowed to enter either goal area. If the wrong goal area was selected, the rat was allowed to swim into the other goal area. Whenever a rat failed to find the platform within 120 s, which occurred occasionally in the first few sessions, it was lifted gently from the tank and placed on the platform. Rats were allowed to remain on the platform for 10 s. They were then lifted from the platform, dried briefly, and placed into a holding box that was located on the table just beyond the end walls of the goal areas. After 30 s the rat was either carried to the start point and released for the next trial or, at the end of the session, it was dried thoroughly and returned to its home cage.
Stage 2 consisted of six sessions of training with a new discrimination as well as the Stage 1 discrimination. The first five trials of each session contained the black-white problem from the previous stage. For the remaining 25 trials the W-H pattern (white rectangle to the left of the striped rectangle) was placed in one goal area, and the H-W pattern (striped rectangle to the left of the white rectangle) was placed in the other goal area. For rats trained to approach Bk-W in Stage 1 the platform was situated in front of the W-H pattern. The remaining rats were trained with the platform in front of the H-W pattern.
Stage 3 consisted of seven sessions of training in which the H-Bk (striped rectangle to the left of the black rectangle) and Bk-H (black rectangle to the left of the striped rectangle) patterns were introduced. The first 5 trials involved the W-Bk and Bk-W patterns, and the final 5 trials involved the W-H and H-W patterns that were used in the previous stages. For the intervening 20 trials the Bk-H and H-Bk patterns were used. The platform was always beneath the H-Bk pattern for rats that had previously been trained to approach Bk-W and W-H. For the remaining rats the platform was beneath the Bk-H pattern.
Stage 4 lasted for two sessions, each of which was divided into six blocks of five trials. Patterns Bk-W and W-Bk were presented in the first block, H-Bk and Bk-H in the second block, and W-H and H-W in the third block. This cycle was then repeated in the second half of each session.
Test stage. There were 8 trials with each of the three discriminations in the test stage. The trials were presented in a random sequence, with the constraint that the same pair of patterns was not presented in succession.
Throughout the experiment a rat was adjudged to have chosen a goal area if its snout crossed a line drawn on the side walls of the goal areas that was 20 cm from the rear wall of the goal area. Procedural details that have been omitted from Stages 2, 3,4, and the test stage, were the same as for Stage 1.
Results
The results from the 22 training sessions are shown in Figure 3 discrimination progressed much as would be expected. Performance was poor with each pair of patterns when they were introduced, but it improved as training progressed. For the final two training sessions, Stage 4, subjects were accurate on all three components of the discrimination. In Stage 4 it is possible that rats acquired each component of the structural discrimination anew within each five-trial block. If they adopted this strategy, then it might be argued they had not solved the structural discrimination. To assess this possibility, we calculated the number of correct responses by the group for the first trial of each of the 6 five-trial blocks in Sessions 21 and 22. In the first session the mean number of correct response on the first trial of each block was 5.3, and in the second session it was 5.7. We conducted one-sample t tests in which the performance of each rat was compared with the number of trials on which it would be expected to perform correctly if it responded on the basis of chance, that is, three trials. The tests revealed a significant preference for the goal area that contained the platform on the first trial of each block in both Session 21, t(5) = 7.0, and Session 22, t(5) = 12.6, which suggests that the rats had solved the structural discrimination.
In the final test session of the experiment, in which the three components of the discrimination were presented in a random intermixed sequence, the group was accurate on 72.9% of the trials. One rat was correct on 11 out of 24 trials on the test session; otherwise the minimum number of correct trials by a rat in this session was 18. A one-sample t test, which we conducted to compare the animals' performance with that expected on the basis of chance (12 trials correct), revealed that rats exhibited a significant preference for the goal area that contained the platform, f(5) = 3.97. In support of the conclusion drawn in the previous paragraph, these results indicate that the rats were able to choose between pairs of patterns on the basis of the way in which they were structured.
Discussion
The results from the first two experiments are difficult to explain in terms of the two connectionist theories mentioned earlier, if one assumes that the input units to the networks respond to the basic features of which the training patterns are composed. For example, the pattern of a red circle to the left of a green circle might activate input units that are sensitive to red, green, left, and right. Given this assumption, the theories predict the pattern will be indistinguishable from its mirror image because they will both excite the same input units. One way in which the results from the experiments can be explained by the theories considered earlier is to allow the inputs to the connectionist networks to be activated by pairs of features rather than by individual features. For instance, the left-hand circle colored green might constitute a single feature, G left ; the right-hand circle colored green might constitute another feature, G right ; and so on. As a consequence, the discrimination between G-R and R-G should be easy to solve because it is between two patterns that are composed of entirely different features: G left and R^, on the one hand, and R left and G rtght on the other. Figures 4A and 4B show how the connectionist networks of Gluck and Bower (1988) and Pearce (1994) , respectively, could be modified to take account of the above proposal, in the presence of the pattern R-G. In both cases, inputs to the network are activated by pairs of features rather than by individual features.
When this way of representing the stimuli is applied to all six patterns used in the first experiment, then the theory of Pearce (1994) predicts that the discrimination will again be solved (see the General Discussion section). However, because each colorposition combination occurs equally often on both reinforced and nonreinforced trials, it must be further assumed for the Gluck and Bower (1988) network that the two color-position combinations that comprise a pattern activate a configural cue.
One drawback to treating complex patterns as individual features is that it leads to the prediction that certain discriminations Figure 4 . The connections predicted to develop when a red (R) circle to the left of a green (G) circle is used for conditioning according to the connectionist theories of Gluck and Bower (1988; Panel A) and Pearce (1994; Panel B) , after they have been modified to allow input units to be activated by the simultaneous presence of pairs of features rather than individual features. US = unconditioned stimulus.
will be easier than they are in practice. Suppose that some animals must discriminate between R left and G right , and others must discriminate between G left and G right . If each color-position combination is regarded as a single, distinct, feature that enters into its own association with the trial outcome, then both discriminations should be equally easy, because there will be no generalization from one pattern to the other. It is likely, however, that the second of these discriminations will be harder than the first. Thus, if information about two or more features is represented by a single input element, then the opportunity for stimulus generalization among patterns is reduced. We conducted the next experiment with this potential shortcoming in mind.
Experiment 3
There were two groups in the experiment. Group 2 received the discrimination that was used in Experiment 1. Group 3 also received this discrimination, but on each trial a third circle, the color of which was different than those of the other two circles, was present. For example, if Group 2 received a trial with R-G, Group 3 received a trial with R-G-B (where the third letter refers to the color of the third circle, blue). The patterns that were given to the two groups are shown in Table 2 . Despite the change in design, the problem given to Group 3 can still be regarded as a structural discrimination, because all three reinforced patterns are composed of the same elements that constitute the three nonreinforced patterns. An inspection of the patterns used for Group 2 reveals that the two colors present in any particular reinforced pattern occur together in only one nonreinforced pattern. In contrast, for Group 3 every pattern is composed of the same three colors. It thus seems likely that there is more scope for generalization among the reinforced and nonreinforced patterns of Group 3 than Group 2, and the former group would be expected to find its discrimination more difficult than the latter. We show in the General Discussion, however, that this prediction does not necessarily follow from either the theory of Pearce (1994) or the network of Gluck and Bower (1988) .
Method
Stimuli and apparatus. The subjects were 16 adult homing pigeons from the same stock, housed in the same manner, and of similar experience to the subjects of Experiment 1. The apparatus was the same as for Experiment 1.
The stimuli were colored circles, which could be red, blue, or green, measuring 1.5 cm in diameter. For Group 3, the centers of the three circles 
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G-R-B B-G-R R-B-G
Note. S+ = reinforced patterns; S-= nonreinforced patterns; R = red; C = green; B = blue.
were located at the corners of an inverted equilateral triangle, at a distance of 0.87 cm from the center of the television screen. The upper left and the upper right circles were used for Group 2. For half of the animals in both groups A was red, B was green, and C was blue, and for the remainder A was green, B was red, and C was blue. The stimulus patterns were represented by two letters corresponding to the colors of the upper left and upper right circles, respectively, for Group 2 and by three letters corresponding to the colors of the upper left, upper right, and lower circle, respectively, for Group 3.
Procedure. In each of 24 sessions, each of the six training patterns was presented eight times. For Group 3, patterns A-B-C, B-C-A, and C-A-B were followed by food, and patterns B-A-C, C-B-A, and A-C-B were followed by nothing (see Table 2 ). For Group 2, A-B, B-C, and C-A were followed by food, whereas patterns B-A, C-B, and A-C were followed by nothing. All stimuli were presented for 10 s with a mean ITI of 55 s (range: 25-85 s). Where appropriate, food was made available by 4-s access to the grain hopper. Procedural details that have been omitted were the same as for Experiment 1.
Results and Discussion
The mean rates of responding on the reinforced and nonreinforced trials are shown for Group 2 in the left panel of Figure S and for Group 3 in the right panel. The discrimination was solved by Group 2, but not by Group 3. A three-way ANOVA using individual mean response rates for each trial type (reinforced and nonreinforced), for each group, and for each block of two sessions revealed significant main effects of trial type, F(l, 14) = 4.9, and session block, F(ll, 154) = 2.0. The effect of group failed to reach significance, F(l, 14) = 1.2. The Trial Type X Group interaction, F(l, 14) = 2.2, was not significant. The Group X Session Block, F(ll, 154) = 1.9; Trial Type X Session block, F(ll, 154) = 5.0; and Trial Type X Group X Session Block, F(ll, 154) = 3.5, interactions were all significant. Subsequent simple main effects analyses revealed significant effects of trial type for Group 2 on Session Blocks 8-12, Fs(l, 168) > 5.8. For Group 3 there was a significant effect of trial type on Session Block 10 only, F(l, 168) = 5.1.
The results from the experiment indicate clearly that the discrimination given to Group 2 was easier to solve than the one given to Group 3. This outcome is opposite to that expected if one assumes that combinations of features, such as green on the left, excite individual input units for the connectionist networks proposed by Pearce (1994) and Gluck and Bower (1988) . The theoretical implications of this finding are pursued further in the General Discussion.
Experiment 4
The purpose of Experiment 4 was principally to explore the reliability and generality of the results from Experiment 3. The experiment was based on the design of Experiment 3, except that a further stage of training was included. After being trained in a similar manner to Group 2 of the previous experiment, Group 2-3 was transferred to a problem based on that given to Group 3. Group 3-2 received the opposite sequence of this training. Furthermore, new patterns were used in the present study. Each pattern was composed of a single circle that contained two or three coins, each of which occupied a segment that filled one third of the area of the circle. Whenever two colors were shown they were presented in the segments occupying the upper left and upper right Blocks of 2 Sessions Figure 5 . The group mean rates of responding during the reinforced and the nonreinforced trials of the discriminations given to Group 2 and to Group 3 of Experiment 3. S+ = reinforced patterns; S-= nonreinforced patterns.
third of the circle. The circles were presented against a black background, and if the lower segment was not occupied by a color then it was black. On the basis of the results from Experiment 3, the initial discrimination for Group 2-3 should be easier than for Group 3-2. The transition to the second stage of the experiment will result in a relatively minor change to the patterns. For both groups, the same patterns will be associated with the same outcomes, but the appearance of the lower segment of the circle will be different from that for Stage 1. For Group 3-2 the segment will be black rather than colored, whereas for Group 2-3 the segment will be colored instead of black. Because the transition from Stage 1 to Stage 2 involves such a modest change in the construction of the patterns, it is quite possible that the successful performance expected for Group 2-3 in the first stage will transfer to the second stage.
Method
Subjects and apparatus. The subjects were 16 adult homing pigeons (Columba livia) from the same stock, with similar training experience and maintained in the same manner as those in the previous experiment. The apparatus was the same as for Experiment 1.
Stimuli. All stimulus compounds consisted of a 2.5-cm diameter circle presented against a black background in the center of the microcolor television screens. The circle was divided into three equal segments by black lines, 1 mm in width, extending from the center of the circle to the circumference at 0, 120, and 240 degrees from the vertical. Each of the three segments could be occupied by one of three colors: red, green, or blue. For half of the subjects in each group, Stimuli A, B, and C were red, green, and blue, respectively. For the remaining animals, Stimuli A, B, and C were the same as Stimuli B, A, and C for those animals just mentioned. Throughout Stage 1 for Group 2-3, the segment in the lower third of the circle was always black. When a pattern is described by two letters, the first letter will refer to the upper left color, and the second letter will refer to the upper right color. When a third letter is included in the description then it will refer to the color in the bottom segment.
Procedure. No pretraining was required as all birds had previously participated in an autoshaping experiment. For the first 14 sessions of the experiment, patterns A-B-C, B-C-A, and C-A-B, for Group 3-2, and A-B, B-C, and C-A, for Group 2-3, were followed by food, whereas B-A-C, C-B-A, and A-C-B, for Group 3-2, and B-A, C-B, and A-C, for Group 2-3, were followed by nothing (see Table 2 ). For the remaining 14 sessions Group 2-3 received the training previously given to Group 3-2, and Group 3-2 received the training previously given to Group 2-3. Each pattern was presented eight times in a session. Procedural details that have been omitted were the same as for Experiment 1.
Results
The results from the experiment are shown in two-session blocks in Figure 6 . In the first stage of the experiment Group 2-3 acquired its discrimination, but Group 3-2 did not. The introduction of Stage 2 had a marked impact on this performance. Group 3-2 soon acquired the discrimination, whereas Group 2-3 showed a severe disruption of the discrimination from which it barely recovered by the end of the experiment.
A four-way ANOVA using individual mean rates of responding with the factors of trial type (reinforced vs. nonreinforced), group, two-session block, and stage revealed no significant effect of trial type (F < 1); group, F(l, 14) = 2.7; stage, F(l, 14) = 2.0; or session block, F(6, 84) = 2.0. There were significant Group X Stage, F(l, 14) = 9.6; Trial Type X Session Block, F(6,84) = 3.5; and Stage X Session Block, F(6, 84) = 4.6, interactions. The following interactions were not significant: group X session block, trial type X stage (Fs < 1), and all of the three-way interactions (Fs < 2.5). The four-way interaction was significant, F(6, 84) = 5.1. Subsequent simple effects analyses revealed significant effects of trial type on Session Block 6 of Stage 1 for Group 2-3, F(l, 1%) = 4.1, and on Session Blocks 4, 5, 6, and 7 of Stage 2 for Group 3-2, Fs(l, 196) > 6.1. The effect of trial type on all other session blocks for both groups failed to reach significance, Fs(l, 196) < 3.2. Figure 6 . The group mean rates of responding during the reinforced and the nonreinforced trials for the two stages of the discriminations given to Group 2-3 and to Group 3-2 of Experiment 4. S + = reinforced patterns; S-= nonreinforced patterns.
Blocks of 2 Sessions
To assess whether the performance of Group 2-3 was significantly impaired by the transition from Stage 1 to Stage 2, we conducted a two-way ANOVA using individual mean rates of responding for each trial type (reinforced and nonreinforced) on the final session of Stage 1 and the first session of Stage 2. This ANOVA revealed a significant effect of trial type, F(l, 7) = 11.4, but not of stage, F(l, 7) = 1.5. The Trial Type X Stage interaction was significant, F(l, 7) = 15.1. Subsequent simple effects analyses revealed a significant effect of trial type on the final session of Stage 1, F(l, 14) = 4.8; but not on the first session of Stage 2 (F < 1); and a significant effect of stage on nonreinforced trials, F(l, 14) = 26.3; but not on reinforced trials (F < 1). Thus the transition from Stage 1 to Stage 2 impaired significantly the discrimination in Group 2-3, largely by resulting in an increase in responding on nonreinforced trials.
Despite the use of different stimuli, the results from the first stage of the experiment were much the same as for Experiment 3. Group 2-3 was able to master its discrimination, but there was no indication of any consistent difference between the rates of responding during the reinforced and nonreinforced trials for Group 3-2. Notwithstanding the success of Group 2-3 in the first stage of the experiment, the addition of a third color to each pattern resulted in a significant disruption to the discrimination at the outset of Stage 2. Conversely, the removal of this color for Stage 2 in Group 3-2 enabled birds to solve the previously insolvable discrimination.
General Discussion
In four experiments we examined the way in which animals solve a structural discrimination task. For such a discrimination, the same set of features is present on reinforced and nonreinforced trials, but the outcome of the trial is indicated by the way in which the features are structured. Some, relatively simple, structural discriminations can be solved if subjects focus their attention on only a component of the training pattern. The present experiments were designed to prevent this method from being successful, and there was evidence that both pigeons and rats can solve this more demanding type of problem. This does not mean that animals are capable of solving all structural discriminations. Experiments 3 and 4 revealed that pigeons are able to solve some structural discriminations, but not others. Also, the results from a pilot study described in Experiment 2 suggest that the way certain structural discriminations are introduced may be an important determinant of whether they will be solved. The theoretical significance of these failures to solve a structural discrimination will remain uncertain until we can be confident that the results are not merely a consequence of either insufficient training or an inadequate method of testing.
In addition to extending our understanding of the type of discrimination that animals can solve, the present findings are of some theoretical significance. We argued in the beginning of this article that the ability of animals to solve a structural discrimination task poses a problem for two different connectionist theories of discrimination learning. In brief, these theories make no allowance for the fact that animals might be sensitive to structural information, and because the same set of physical features is present on both reinforced and nonreinforced trials, the theories predict that structural discriminations should be impossible for animals to solve. We now consider several ways in which the connectionist theory of Pearce (1994) might be modified to explain how animals solve structural discriminations.
We have already noted that if a pattern of stimulation is decomposed into very basic features then the connectionist theory of Pearce (1994) predicts that the discriminations used in the experiments will be insolvable. However, it was suggested in the Discussion section of Experiment 2 that it would be possible for this network to solve a structural discrimination if input units are activated by more complex information, such as the conjunction of a particular color in a particular location. To explore the implications of this proposal for the predicted outcome of Experiment 3, we conducted a series of computer simulations based on equations proposed by Pearce (1994) . Each input to the network was fully activated by a single color-position combination, thus creating a total of nine different inputs to the network. For each trial, two different input units were activated for Group 2, and three different units were activated for Group 3. The results from one simulation can be seen in the left panel of Figure 7 . For this simulation, the value of the learning rate parameter, /3, was .2 on both reinforced and nonreinforced trials, and the value of the asymptote of conditioning, X, was 100. The discrimination for Group 3 is predicted, in contrast to our findings, to be marginally easier than for Group 2.
The reason behind the pattern of results predicted in Figure 7 stems, not surprisingly, from the way in which the components of the compounds have been characterized. For Group 3 each compound will be composed of three features, and each reinforced compound has one feature in compound with each nonreinforced compound. In contrast, for Group 2 each compound will be composed of two features, and each reinforced compound will share one of these features with two nonreinforced compounds. According to the theory of Pearce (1994) , the similarity between the reinforced and nonreinforced compounds will be greater for Group 2 than for Group 3, with the consequence that the discrimination between them will be more difficult for the former group.
We noted earlier that the discrimination task given to Group 3 might have been difficult because all the features that were present in each reinforced pattern were also present in each nonreinforced pattern. There would thus have been considerable generalization between the reinforced and nonreinforced patterns that would disrupt the development of the discrimination. In contrast, by treating each color-position combination as a unique feature there is rather little scope for generalization among the patterns. One method for increasing the amount of generalization among patterns is to allow both color-position combinations and individual features to play a role in the solution of a structural discrimination. Figure 8 shows how this suggestion could be incorporated into the configural theory of Pearce (1994) by extending the input layer to create an input network. External physical features will excite the input units of the network, and a transformed value of the activation from individual input units will be passed to individual output units of the input network. The reason for the transformation is not of present concern, but it was included in the theory of Pearce (1994) in order to normalize the activation that is passed to the configural units. The novel feature of the network is the addition of structural units in the output layer of the input network. These units are activated by some combinations of input units, but not others. In the case of Experiments 1 and 3 we assume these units will be activated by combinations of colors and the locations in which they occur. It is important to note that for a structural unit to fire, all its inputs need to be activated. They therefore operate differently than configural units. Figure 8 shows the connections that will develop during an R-G+ G-R-discrimination. Connections depicted by solid lines will allow activation to flow through the network on both trials, connections depicted by dashed lines will be effective only on reinforced trials, and those depicted by dotted lines will be effective only on nonreinforced trials. The network contains two configural units: one activated fully on R-G+ trials and one activated fully on G-R-trials. The former configural unit is connected to an excitatory output unit, and the latter is connected to an inhibitory output unit that is responsible for suppressing activity in its excitatory neighbor.
The configural units will be activated on both types of trial. However, on reinforced trials the activation of structural units for "red on the left" and for "green on the right" will ensure stronger activation of the R-G unit than of the G-R configural unit. Thus more activation will be fed to the excitatory unit than to the inhibitory output unit, and a conditioned response will be observed. In contrast, on R-G-trials the only structural units that will be activated correspond to "green on the left," and "red on the 100 i. The predictions made by the theory of Pearce (1994) for the two groups of Experiment 3, after the theory has been modified so that the input units of the network are sensitive only to combinations of features (left panel), and the predictions made by the theory of Pearce (1994) for the two groups of Experiment 4, after the theory has been modified so that a pattern is represented by physical features and by structural features that are excited by combinations of a color in a particular position (right panel). S+ = reinforced patterns; S-= nonreinforced patterns.
Response Configural Units
Red Green Right Figure 8 . The connections predicted to develop during the course of an R-G+ G-R-discrimination by the theory of Pearce (1994) once it has been modified to include structural input units that are excited by specific combinations of physical features. Solid lines will be effective on all trials, dashed lines will be effective on only reinforced trials, and dotted lines will be effective on only nonreinforced trials. Lines with arrows are excitatory links; the stopped line is an inhibitory link. R = red; G = green.
right," with the result that the configural unit for G-R will be more strongly activated than for R-G. The inhibitory output unit will therefore receive more activation than the excitatory output unit and result in only a weak conditioned response. An important feature of this account is that the solid lines indicate that on both types of trial there will be a considerable degree of activation being fed to both configural units. In other words, there will be considerable generalization between the two patterns that are represented by the configural units, and the discrimination will not be easy. Precise predictions from this version of configural theory were derived from computer simulations of the training given to Group 2 and Group 3 of Experiment 3. These simulations were based on the same equations and parameter values that were used for the previous simulation of the theory. Each pattern for Group 2 was represented by four physical features-two colors and two locations-that activated four input units and two structural units. Each pattern for Group 3 was represented by six physical features-three colors and three locations-that activated six input units and three structural units. Whenever a pattern was presented, all relevant output units of the input network were activated to the same degree. The results from the simulation are shown in the left half of the right panel of Figure 7 , where it is apparent that configural theory now predicts that the discrimination task given to Group 2 will be easier than the one given to Group 3. In contrast to the results from Experiment 3, however, the simulation predicts that Group 3 should have been able to solve its discrimination. One explanation for the failure to confirm this prediction is that insufficient training was given. Alternatively, the relatively poor performance of Group 3 can be explained by assuming that the structural units were activated to a lesser extent than the other input units.
In Experiment 4, after receiving training similar to that just described, pigeons were transferred to a new discrimination. Subjects in Group 2-3, who were initially trained with two different colors present on each trial, were given three different colors in three different positions, and subjects in Group 3-2, who were initially trained with three different colors, were subsequently trained with only two. The right half of the right panel of Figure 7 shows the predictions made by modified configural theory concerning the effects of these changes in training. The addition of the third color is predicted to produce a severe disruption of the discrimination. The reason for this prediction is that the addition of the third color will enhance considerably generalization among the reinforced and nonreinforced patterns. It is also apparent from the figure that the transition from Stage 1 to Stage 2 is predicted to improve the performance of Group 3-2. Both of these predictions were confirmed. Thus, by assuming that configural units are activated by some input units that are sensitive to the presence of individual features, and other input units that are sensitive to combinations of features, it is possible for the connectionist theory of Pearce (1994) to provide a reasonably accurate account of our results.
We now consider the implications of our findings for the theory of Gluck and Bower (1988) . In Experiment 1 there were trials in which R-G signaled one outcome and G-R signaled another outcome. If the network responds to the basic features of which a pattern is composed, then both patterns should activate the same set of input units that correspond to red, green, left, and right. The patterns might also activate the same set of six configural cues that would be created by all possible pairs of the input units. In any case, the network would not be able to solve the discrimination between the two patterns, because they would both have the same effect on the input layer of the network. In order for the discrimination to be solved, therefore, it is necessary for some configural cues to be more effective than others. For example, if the configural cues created by color-position combinations were more salient than those created by other combinations of stimuli, then the discrimination would be mastered. For the sake of discussion, we refer to configural cues that relate to color-position combinations as structural-configural cues. In fact, there were six different trials in Experiment 1, and its design ensured that each colorposition combination (and hence each structural-configural cue) was presented equally often on reinforced and nonreinforced trials. As a consequence, the overall associative strengths of the three reinforced patterns will never differ from the three nonreinforced patterns, and the discrimination will not be solved. In order for the network proposed by Gluck and Bower to solve the complete discrimination that was used in Experiment 1 it must also be assumed that the two structural-configural cues that are activated on any trial will themselves activate a higher order structuralconfigural cue that will be unique to the pattern that is presented. The acquisition of associative strength by this higher order cue will then permit the discrimination to be solved. In brief, therefore, if the network proposed by Gluck and Bower is to account for the results from Experiment 1, some configural cues, which reflect the structure of the pattern, must be more effective than others. In addition, pairs of the more effective configural cues must, when simultaneously activated, create higher order configural cues.
Once the foregoing assumptions have been granted, there remains the issue of deriving predictions from the modified theory concerning Experiment 3. A series of computer simulations based on the above modifications, and using the equation, revealed that if the salience of the features and the configural cues is the same for Group 2 and Group 3, then the discrimination will either be of the same difficulty for the two groups, or it will be easier for Group 3 than for Group 2. The only method that we could find for generating the correct prediction concerning the outcome of Experiment 3 was to set the salience of the configural cues or the features-or both-at a lower value for Group 3 than for Group 2.
In view of their close relation, it might be thought that the conclusions we have drawn for the network proposed by Gluck and Bower (1988) will apply equally well to the theory proposed by Rescorla and Wagner (1972) . In fact, the implications of our results for this theory depend largely on the way in which a configural cue is conceptualized. If it is regarded as a feature that is activated whenever two other features are present (irrespective of the relations between the features), then the implications of our results for the Rescorla-Wagner theory will be the same as for the Gluck and Bower network. If a configural cue is allowed to represent information about the structure of a compound, however, then the Rescorla-Wagner model can provide a more straightforward account for the findings from Experiments 1 and 2. For instance, if the compound R-G is regarded as being composed of four features (red, left, green, and right), and a configural cue (red to the left of green), then the theory predicts the discrimination in Experiment 1 will be readily solved because each of the six compounds will contain a unique configural cue. Applying the theory to the final two experiments is more difficult because it is not clear how many configural cues will be created by the compounds used for Group 3 in each of the experiments. However, the theory is able to predict that the discrimination given to Group 2 in each experiment will be easier than that given to Group 3, providing that the salience of the configural cues created by the compounds is greater for the former group. It remains to be seen whether these assumptions concerning the properties of configural cues can be justified.
An essential aspect of the modifications that have been proposed to the theory of Pearce (1994) , as well as to that of Gluck and Bower (1988) , is that only certain combinations of all the features that are activated on a trial will excite the structural units that are essential for the solution of the discrimination. The question then arises as to how the important pairs of features are selected on any particular trial. One answer to this question can be found in the way in which researchers concerned with human perception and cognition have addressed what is known as the binding problem. When humans are presented with a selection of objects, each of which is composed of a number of features, the binding problem refers to the need for a theory to specify how different features are treated as belonging to the same object (Treisman, 1996; Treisman & Gelade, 1980) . For reasons very similar to those presented in the beginning of this article (see Roelfsema, Engel, Konig, & Singer, 1996) , it is difficult to solve the binding problem with a simple artificial neural network. Instead, a variety of more complex solutions to this problem have been proposed (Hummel & Biederman, 1992; Roelfsema et al., 1996) . One solution that has found favor is to propose that neural cells that are activated by features belonging to the same object will fire in synchrony because they are perceived simultaneously. The synchronous firing of cells is then assumed to result in the features to which they belong being classified together (Milner, 1974; Singer & Gray, 1995; von der 
